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Beyond the WIMP
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Beyond the WIMP
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Beyond the WIMP
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Theory:
Lots of activity in recent years
e.g.. Asymmetric dark matter [Kaplan,Luty Zurek, 2009]
SIMPs [YH Kuflik VolanskyWacker2014]

Forbidden dark matter[Griest Seckel, 1995 Q! 3 \Raderthan2015]
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Beyond the WIMP
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Experiment:
direct detection
of keV-GeV

dark matter
via superconductors
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How?
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Direct Detection
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Direct Detection

A Looking at nuclear recoils: think billiard balls

Exp = ¢ _ (mpmv)? > Fi ~ keV

2mpy 2mpy
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Direct Detection

A Looking at nuclear recoils: think billiard balls

light dark matter
d o e shav@ enough punch
to kick the heavy nuclei
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Direct Detection

A Light dark matter: scatter off electrons!

DM

.\ /0
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Direct Detection

A Light dark matter: scatter off electrons!

Kinetic energy available £, ~ Impyuvy ~ 10-5mpy

mpy ~ MeV = Ep ~ eV =) electron ionization,
semiconductors

- E 4+ w [Essiget al 2012;
‘\ p/ \ 74 Graham et aR012;
| | : Xenonl0 data:

'\. / (aI;;c‘e\ Essicet al 2012]

,____._.- > k

Xenon: ~12 eV Ge, Si: ~eV
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Direct Detection

A Light dark matter: scatter off electrons!

Kinetic energy available £, ~ Impyuvy ~ 10-5mpy

mpy ~ MeV = Ep ~ eV =) electron ionization,
semiconductors

mpum ~ keV = Ep ~ mili-eV === @
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Direct Detection

A Light dark matter: scatter off electrons!

Kinetic energy available £, ~ Impyuvy ~ 10-5mpy

mpy ~ MeV = Ep ~ eV =) electron ionization,
semiconductors

mpum ~ keV = Ep ~ mili-eV =) Superconductors!

[YH Zhao and ZurelPRL12015;
YH Pyle, Zhao and Zurek, JHEP 2016
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Kinematics

Target at rest: Ep~ L

2mT

A Target = N: Jmax ~ 2 UDM ~ 2MpDMUDM
Even for oy ~ eV, ONmpy ~ O(100's MeV) detecta

A Tarqet = e. mpy ~ keV =) Ep o~ 1076 eV

mpy ~ MeV =) FEp~eV  [seminconductors]

) @ SAJEN meV keVDM [0}

YH @ suleV, Dec. 2016



Kinematics

Target w/ velocity: Ep ~ ( T_ 17 -E’T) + 0

2mT

A mpu > mr: DM barely affected

vr — U + 2vpMm

Ep™ = gmr [(vr + 2vpm)® — v

A mpu < mr Target can fully stop the DM

E HIDI‘&I{UDI\I

op ~meV for mpy ~ keV
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Kinematics

Target w/ velocity: Ep ~ (i +q- -E’T) +6

2mr

7

Fermi-degenerate materials
have velocity!

Focus on superconductor targets.
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Superconductor Cheat Sheet

A Ground state of superconductor = Cooper pairs;
Binding energy (gap A < mili-eV

A The idea:
DM scatters with Cooper pairs, deposits enough energy,
breaks Cooper pairs, creating excitatigndetect

/
DM. DM‘
\ =)

AN o
' excitation
excitation
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Superconductor Cheat Sheet

A For energies exceeding the gapatterwith free electrons in
a Fermidegeneratea SI 6 6 O2 KSAB)Y OS FI O

A Ram an electron, create excitations which random walk until

collected by e.g. a Transition Edge Sensor (TES)

Heat calorimeter

V'S

R TESs used to
detect microwaves and x -rays
In astro applications
(e.g. ACT, SPT, SuperCDMS)

4
T
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Superconductor Cheat Sheet

A Current status? Not there yet
TES |T. [mK]|Volume [pm x pm x nm]|{Power Noise [W/v/Hz||o%" [meV]|o54¢ [meV]
W [3] 125 25 x 25 x 35 2.72 x 10718 / 120 1.1
Ti [5] 50 6 x 0.4 x 56 2.97 x 1072 47 22
MoCu [6]| 110.6 100 x 100 x 200 4.2 x 10719 \ 295.4 0.3
R

A Need to beat noise

A Energy resolutiol op o VT3V =~ == Reduce temperature

and volume for
O(meV) resolution

(See talk by Matt Pyle tomorrow)
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Superconductor Cheat Sheet

A Current status? Not there yet
TES |T. [mK]|Volume [pm x pm x nm]|{Power Noise [W/v/Hz||o%" [meV]|o54¢ [meV]
W [3] 125 25 x 25 x 35 2.72 x 10718 / 120 1.1
Ti [5] 50 6 x 0.4 x 56 2.97 x 1072 47 22
MoCu [6]| 110.6 100 x 100 x 200 4.2 x 10719 \ 295.4 0.3
R

A Need to beat noise

A Energyresolution op o VT3V =~ == Reduce temperature

and volume for
O(meV) resolution

(Volume: 25pum x 6pm x 35nm  Oper ati n¢7T, ~ 10mK O :
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Detector Concept

Basic device idea:
Large exposure but
high energy resolution
= excitation
concentration

(E.g.SuperCDMES

. Superconducting Substrate (Al)

Insulating layer

. TES and QP collection antennas (W)

. SuperConducting Bias Rails (Al)

AbsorberA
Collection fing,

TES

Design by Matt Pyle
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Detector Concept

Basic device idea:
Large exposure but
high energy resolution
= excitation
concentration

. Superconducting Substrate (Al)

Insulating layer

. TES and QP collection antennas (W)

. SuperConducting Bias Rails (Al)

To be efficient:
absorber size of order
elastic scattering
length

+
long-lived excitations
travel ballistically

Design by Matt Pyle
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Detector Concept

A Excitation lifetime of
order amilisecond

. Superconducting Substrate (Al)

Insulating layer

. TES and QP collection antennas (W)

. SuperConducting Bias Rails (Al)

A With velocity 10-2c
plenty of time to
random walk and
get absorbed before
recombine

Design by Matt Pyle
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Detector Concept

Comments:

A Low energy deposits
gaplessabsorber
such asa metal

A Butbetter -- metal in
superconducting
phase:

I gapcontrolsthe
thermal noise
I makes excitations

long livedA easier
to collect

. Superconducting Substrate (Al)

Insulating layer

. TES and QP collection antennas (W)

. SuperConducting Bias Rails (Al)

Design by Matt Pyle
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Detector Concept

Comments
. Superconducting Substrate (Al)

Insulating layer

A Initial excitationA
60% quasiparticles,
40%athermal
phonons

. TES and QP collection antennas (W)

. SuperConducting Bias Rails (Al)

A Design for collection
of either

Design by Matt Pyle
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| Quasiparticle Detector |

Athermal Phonon Detector

Number of Detertors

(il L

=L

Alvmimim Absorber

Tantalum Ahsorber

Absorber Volume

5 x5 x5 mm"

5% 5% 5mm°

Excitation Scattering Length = 5 mm (> 2 mm [12]) = 5 mm
Excitation Lifetime 20 ms (> 2 ms |33]) 1.2 ms
(1250 surface bounces)
j A— Fraction of Recoll Energy in ~ 505 ~ D55,
Excitation System (all QF have recombined [33])
Charactensztic Group Velocity ~ 2 x 1073 Lo
Tungsten QF Collector Aluminum Phonon Collector
Acalloct Total Area of All Collection 12 = 2325 _HI!]]E 2 0.2lmm>
Fins on a Detector
heolloot Thickness of Collection Fins ~~ 150 nm ~ B nm
Jirap Excitation Trapping Fraction 0.1 0.5 [51)
Tealloct Excitation Collection Time 3 ms TOD s
Focllost Excitation Collection Efficiency BT 63%
T Remein Fraction of Potential Energy ~ .90 0.60 = 0.65

Remaiming After Collection

Tungsten TES

Tungsten TES

TETES
TED

Mumber of TES per detector

Total Volume of all TES
on a detector

Tran=ition Temperature

Heat Capacity

Mmenzionless Sensitivity

Bias Power

Total Power Noise

Sensor Fall-Time

Collector to TES Efficiency

TES Energy Resolution

Detector Recoll Resolution

oE TES /( fE Romain feolloct feasende )

Energy Threshold (6 cen)

&

6 Lpm x 20pm x 353nm

9 mk

1.0= 1074 J/K

30

7.0 % 10720 W

4.4 %= 10722 W/ /Hz
10 ms

l

0.3 meV
0.6 meV

3.9 meV

2

23 Lparn ¢ 2000 x 35nm

9 mK
4.0 = 10
30
28« 10
28 =10
10 ms
0.74

0.2 meV
0.7 meV

B 1K

) W
) W/ 1m

4.2 meV




Detector Concept

Comments:

. Superconducting Substrate (Al)

Insulating layer

A Initial excitationA
60% quasiparticles,
40%athermal
phonons

. TES and QP collection antennas (W)

. SuperConducting Bias Rails (Al)

A Design for collection
of either

A Proof of concept
Design by Matt Pyle
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Rates
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Rates

Scatter off electrons in Feradiegenerate metaf Pauli blocking

w I Er ~ 10 eV E(ED,\QD
€ e

d°ps  (M]P) .
(NeOVrel) = / (27) 16E, B, Es E, S(Ep,|d])

3 3,
S(Ep,ldl) = 2] T02 CD1 (o yi§1(Py 4 Py — Py— Py) % fo(Ea)(1 — fulEs)

(2m)* (2m)? \ /<

Fermi-Dirac

: - FEp 10—4
Pauli blocking ~ =2 ~ 10 distribution
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light
mediator

heavy
mediator

~

dR/dlog, Ep [yr kg ']

Rates

Signal rates
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Low
momentum
dominates

T

lomaeay

_ 2
g = 2 )2 JU'E:X

a2
(m¢ q

|

Pauli blocking J‘
dominates

~

dR/dlog, Ep [yr kg ']

Rates

Signal rates
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! 100 MeV DM
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Results
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Reach
Massive mediator
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Reach
Light mediator
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Absorption vs. Scattering

Not only DM scattering sensitive to DM absorptiotoo

(Any target!)
'\/‘ ‘ \‘ e ~ phonons
= o
e /\ e
Ep ~ %mDh:IU%M ~ 10~°mpy Ep ~ mpwm

Absorption sensitive to much lighter DM masses

(see talk by Tongyan Lin on Friday)
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Absorption

Relateto optical properties of a given material

10° [ Aluminum
- optical

2 ..
10°F conductivity

= 10t
MRt
10

10 3 , == Normal 3

; ——  Superconductor |1

1072 Lau el el R ——

103 1072 101 107 10°

w [eV]

[YH Lin andZurek, PRR2016]
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Xenonl0 |
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Absorption

Hidden photon dark matter

Stellar constraints
(Stuckelberg case)

my [eV]

Kinetically mixed hidden photon V£ ANANASAXNNN N AX

[YH Lin andZurek PRD 2016]
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Superconductors are super awesome.



Downside?
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Metals are shiny

In-medium effects are substantiglphoton picks upmass.
If kineticallymixed hidden photon mediator:

(MP) = Omem e In -medium
“ - 2 ‘ . .
(¢2—m2,)°(1- 11,/la?2)*>  polarization tensor
-~~~/
-~~~
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